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The mechanochemical behavior of Pt(5dpb)Cl (5dpbH = 1,3-di(5-methyl-2-pyridyl)benzene) was
investigated in terms of solid-state luminescence. The yellow luminescence of the crystalline complex
changed to orange when grinding into ﬁne powder on a glass substrate with a spatula. A broad emission
band, which was not detected for the crystal, was observed at around 670 nm for the powder. The
powder X-ray diffraction (XRD) pattern was the same as that calculated from X-ray crystallographic
data of the single crystal. A broad band appeared within 100 ns after laser excitation accompanied by
quenching of the 3(p,p*) emission of Pt(5dpb)Cl, which was then weakened with decreasing
temperature and disappeared below 120 K. The phenomenon was very similar to the excimer formation
observed in solution. A related complex, Pt(dpb)Cl (dpbH = 1,3-di(2-pyridyl)benzene), also exhibited
luminescent mechanochromism. However, the broad emission that appeared upon grinding still
remained at 77 K, and XRD showed that the ground sample of Pt(dpb)Cl was amorphous.
Introduction
Recently, solid state luminescence of transition metal complexes
has attracted the attention of inorganic andmaterials chemists, be-
cause of their potential utilization in organic light emitting devices
(OLEDs).1–3 One of the main areas for development of OLEDs
is the molecular design of luminescent materials, with focus on
the tuning of the luminescence color.4–7 However, changing the
synthesis procedure is not the only way to achieve luminescent-
color tuning. Volatile organic compound (VOC) vapor ormoisture
in the atmosphere effectively changes the luminescent color of
metal complexes; for example, solid Ru(dbb)2(CN)2 (dbb = 4,4¢-
di-tert-butyl-2,2¢-bipyridine) emits dark red luminescence under
vacuum, but bright orange luminescence in a moisturized atmo-
sphere, due to the sorption of water molecules.8 Pt(II) complexes
also exhibit vapochromism, in which both the absorption and
emission spectra change with exposure to VOC vapor. As a result
of Pt–Pt interactions induced by VOC sorption into the crystal
lattice, a dramatic luminescent-color change is observed.9–13 The
speciﬁc transition of the Pt(II) dimer is referred to as a metal-
metal-to-ligand charge-transfer (MMLCT) transition. In a dimer
with C2h symmetry, the lowest electronic transition has been
clariﬁed as the ds*(b2) → p*(a1 and b1) transition, where the ds*
orbital is generated from two dz2 (Pt) orbitals by a strong Pt–Pt
interaction, and the p*(a1 and b1) orbitals are from the p* orbitals
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ofmonomers.14,15 The luminescence color is sensitive to themutual
orientation of molecules in the crystal. A Pt(II) complex with
a terdentate ligand shows different luminescent colors from the
monomer and aggregate. The complex is also one of the candidates
for OLED luminescent materials; a demonstration of an OLED
based not only on yellow but also on red luminescence has been
performed.16–18
A new mechanism for the luminescent color change of a Pt(II)
complex solid has been discovered. When the complex solid is
crushed and ground on a glass substrate with a spatula, the lumi-
nescent color changed from yellow to orange. The phenomenon
is known as mechanochromism and has not been reported for
Pt(II) complexes. In the present work, the mechanochromic
luminescence of a Pt(II) solid was investigated with respect to
the excimer emission in solution and the crystal structure of the
complex solid.
Experimental
Synthesis
The preparation of Pt(5dpb)Cl (5dpbH = 1,3-di(5-methyl-2-
pyridyl)benzene) has been previously described in the literature.19
Pt(dpb)Cl (dpbH = 1,3-di(2-pyridyl)benzene) was also synthe-
sized according to the literature method.20
Measurements
UV-vis absorption spectra were measured using a Shimadzu
Multi-Spec 1500 spectrometer. Luminescence spectra were
recorded with a Hitachi F2000 spectroﬂuorometer. 1H nuclear
magnetic resonance (NMR) spectra and electrospray ionization-
mass spectra (ESI-MS) were measured with JEOL JNM-EX
270 and Shimadzu QP-8000 spectrometers, respectively. The
lifetime was evaluated using a least squares method for time
courses of luminescence recorded by a pico-second time-correlated
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single-photon countingmethodusing aTi:sapphire laser (400 nm).
X-Ray diffraction (XRD) patterns were obtained using the Cu
Ka1 line on a Rigaku RINT 1100 X-ray diffractometer. XRD
simulations from X-ray crystallographic data were performed
using Mercury 1.4.2 on a Windows operating system.21–23
Results and discussion
Pt(5dpb)Cl (Fig. 1) emits strong luminescence in degassed CHCl3.
The emission was assigned as the 3(p,p*) transition, according to
the literature.24–26 The emission lifetime (tobs) strongly depends on
the concentration of the Pt(II) complex ([Pt]); the concentration
dependence is expressed by a self-quenching formula 1/tobs =
1/t0 + kQ[Pt], where t0 is the lifetime at inﬁnite dilution, and kQ is a
quenching constant. t0 was evaluated as 7.0 ms from extrapolation
of the Stern–Volmer plot, and kQ was estimated as 3.6 ¥ 109 M-1s-1
from the slope. The results were in good agreement with those for
related Pt(II) complexes.26
Fig. 1 Structure of Pt(5dpb)Cl.
As the concentration is increased from 8.0 ¥ 10-6 to 2.0 ¥
10-3 M, the luminescence color gradually changes from green
through yellow to orange. At higher concentration, a new broad
band at around 670 nm is observed in addition to the structured
band around 500 nm, as shown in Fig. 2a. According to the
literature,25,27–32 the broad and structured bands are attributed
to excimer and monomer emissions, respectively. Fig. 2b shows
time courses of emission monitored at 495 and 700 nm after
laser excitation. The concentration was adjusted to [Pt] = 7.0 ¥
10-4 M, where both the monomer and excimer emission are clearly
observed. While the monomer emission decay is ﬁtted to a single-
exponential curve with t = 105 ns, the time course of excimer
emission consists of two components with a fast rise (t1) and
slow decay (t2). t1 and t2 were evaluated as 105 and 385 ns,
respectively, by ﬁtting to the equation I(t) = -a1exp(-t/t1) +
a2exp(-t/t2), where I(t) is the normalized emission intensity, and
a1 and a2 are pre-exponential factors. t1 is identical to the emission
lifetime of the monomer, and a1 and a2 are also determined to
be the same from the ﬁtting. This clearly shows that t1 and t2
correspond to the formation and relaxation times of the excimer,
respectively. Because the excimer formation includes a diffusion
process in solution after photoexcitation, t1 depends on [Pt] and
the temperature. As [Pt] is increased, the excimer emission is
predominant as a result of quenching of the monomer emission.
Furthermore, with decreasing temperature, the excimer emission
is weakened, and disappears in the rigid medium frozen by liq. N2
even at [Pt] = 10-3 M.
The excimer state of aromatic molecules has been described
by the mixing of exciton resonance (EX) and charge-transfer
resonance (CT) states.33,34 For Pt(II) complexes as well, the excimer
Fig. 2 (a) Emission spectra at various concentrations of Pt(5dpb)Cl in
CHCl3 ([Pt] = 8.0 ¥ 10-6 M, 4.0 ¥ 10-5 M, 8.0 ¥ 10-5 M, 2.0 ¥ 10-4 M,
4.0 ¥ 10-4 M, 7.0 ¥ 10-4 M, 1.0 ¥ 10-3 M, 2.0 ¥ 10-3 M). The intensity
of the broad band at around 670 nm increases with increasing [Pt]. The
spectra are normalized with the intensities at 495 nm. (b) Time courses
of emission monitored at 495 (solid line) and 700 nm (dotted line) after a
laser pulse. The time proﬁle is obtained by a pico-second time-correlated
single photon counting method for [Pt] = 7.0 ¥ 10-4 M solution. The decay
time at 495 nm and the rise time at 700 nm were evaluated as 105 ns
(see text).
emission is accounted for by the EX and CT interactions in
a complex pair.35 The interactions depend on the separation of
components in the excimer sandwich structure. It is proposed that
excimer formation occurs in the head-to-tail interaction of a pair
of planar complexes.27 For Pt(5dpb)Cl, the mutual orientation of
molecules is considered to be an antiparallel stacking fashion,
according to X-ray crystallography.19
Crystalline Pt(5dpb)Cl emits luminescence under UV light at
room temperature, as well as in solution. The emission spectrum is
shown as a dotted line in Fig. 3. The spectrum proﬁle is somewhat
different from that in solution; the intensity of the 0–1 band
peaking at 530nm is the largest and the peak at 570nm is somewhat
broader than the others. This is affected by molecular packing in
the crystal, where the molecules are aligned in two-dimensional
(2D) sheets by p–p stacking.19 When the crystal is crushed and
ground on a glass substrate with a spatula, the luminescence color
changes to bright orange while the crystal color itself remains
yellow. The phenomenon of the color change is categorized as
mechanochromism or tribochromism, which has been reported
by Eisenberg et al. for a Au complex.36 A broad emission band
at around 670 nm is increased in the longer wavelength region
than in the initial spectrum peaking at 570 nm, and is similar to
the excimer emission observed in solution. The vibronic structure
at 490 and 530 nm observed for the crystal still remains after
grinding.
It is known that a bond-breaking or isomerization reaction
accompanied by the generation of radicals produces colored
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Fig. 3 Absorption and emission spectra of Pt(5dpb)Cl in the solid
state before (dotted line) and after (solid line) grinding. Absorbance and
emission intensities are normalized at 430 and 495 nm, respectively.
products during the grinding of solid organic compounds.37–39
For transition metal complexes as well, mechanochemical re-
actions have been reported.40,41 However, in the case of the
Pt(5dpb)Cl solid, it is considered that bond-breaking or iso-
merization reactions do not occur, because the color and ab-
sorption spectrum are not changed after grinding, as seen in
Fig. 3. Furthermore, no mechanochemical reaction was detected
in either the 1H NMR or emission measurements of the so-
lution. It is concluded that no solid-state reaction proceeded
during the grinding process. Furthermore, the luminescence
color change is not attributed to vapochromism mediated by
volatile species, such as moisture in the atmosphere, because no
VOC molecules were detected in the 1H NMR measurements,
where the sample was prepared under dry conditions using a
vacuum line.8
XRDmeasurements were carried out for Pt(5dpb)Cl before and
after grinding. The crystalline sample of ﬁne yellow-luminescent
particleswas freshly preparedby the additionof hexane to aCHCl3
solution containing Pt(5dpb)Cl. The observed XRD pattern for
the powder was compared with that of the crystal and a simulation
calculated from the X-ray crystallographic data of Pt(5dpb)Cl
using the Mercury software.19,21–23 The XRD pattern for the
powder is in good agreement with that of the crystal and the
simulation. This indicates that the crystal structure of the powder
was not changed from that of the initial crystal before grinding.
In other words, the grinding does not induce VOC sorption. The
luminescence change is suggested to be a phenomenon arising
from a dynamic process in the photoexcited state of Pt(5dpb)Cl,
in contrast to a static process of vapochromism known for other
Pt(II) complexes.
The solid-state emission properties of a related complex,
Pt(dpb)Cl (dpbH = 1,3-di(2-pyridyl)benzene with no methyl
groups), were studied. Orange coloration and red luminescence
were observed upon grinding. The results are apparently different
from those of Pt(5dpb)Cl powder. In the emission spectrum,
vibronic bands at around 500 nm before grinding were completely
absent. Instead, only a structureless band peaking at 700 nm
was observed. The spectrum is coincident with that of a spin-
coated ﬁlm of Pt(dpb)Cl, as reported by Williams et al.18 It
was suggested that the powder sample and the thin ﬁlm have
some similarity in molecular arrangement or molecular packing.
The XRD intensity of the powder Pt(dpb)Cl is considerably
lower than that of the crystal, despite the large amount of
powder used for the measurement. The result indicates that
the mechanical grinding destroys the regular arrangement of
molecules in the crystal.42 That is, the powder is almost amorphous.
The red luminescence of Pt(dpb)Cl powder is attributed to
emission of a dimer or aggregate generated in the amorphous
phase.16,35
During the cooling process, the luminescence color of
Pt(5dpb)Cl powder changed from orange to green-yellow, and
then the orange luminescence was recovered with increasing tem-
perature. The broad emission at around 670 nm is weakened with
cooling, and disappeared below 120 K. Fig. 4 shows the emission
spectrum of Pt(5dpb)Cl at 77 K along with that of Pt(dpb)Cl.
The broad band of Pt(5dpb)Cl has completely disappeared,
whereas that of Pt(dpb)Cl is still present. This clearly shows the
difference between Pt(5dpb)Cl and Pt(dpb)Cl for the generation
of emitting states that exhibit luminescent mechanochromism.
For Pt(dpb)Cl, a dimer or an aggregate in the amorphous phase
absorbs and emits a photon. In contrast, for Pt(5dpb)Cl, a
monomer absorbs a photon and then a dimer or aggregate emits a
photon.
Fig. 4 Emission spectra of powder samples of Pt(dpb)Cl (solid line) and
Pt(5dpb)Cl (dashed line) at 77 K.
Fig. 5 shows time courses of the orange luminescence for the
Pt(5dpb)Cl powder monitored at 495 and 700 nm at room tem-
perature. The 495 nm luminescence monitored is not represented
as a single-exponential curve, but as a multi-exponential. This is
usually attributed to energy migration and/or energy trapping at
Fig. 5 Time courses of emission intensity at 495 nm (black line) and
700 nm (gray dots) for Pt(5dpb)Cl powder. The solid line is the best ﬁt to
the double exponential function of a1exp(-t/t1) + a2exp(-t/t2), where t1
and t2 were evaluated as 30 ns and 1.2 ms, respectively.
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defects in a crystal. The luminescence at 700 nm is composed of
a fast rise and a slow decay of 30 ns and 1.2 ms, respectively, by
ﬁtting to a double exponential function. The emission rise might
account for the excited energy transfer from the 3(p,p*) state of the
monomer to an emitting state of an aggregate. However the rise
time is very slow compared with the previously observed energy
transfer for a [Ru(bpy)3]2+-[Os(bpy)3]2+ (bpy = 2,2¢-bipyridine)
mixed-complex crystal at 77 K.43 Although the emission lifetime
for the Pt(dpb)Cl powder was evaluated as t0 = 0.8 ms from a
single exponential decay curve, a fast rise was not observed in the
time course of emission. It was concluded that the excited energy
transfer from a monomer to a dimer (or an aggregate) is very
rapid.
The luminescent mechanochromism of Pt(5dpb)Cl is only
observed for the powder, not for crystals, despite the similarity
of the crystal structures. The essential differences between the
initial crystal and the powder are the size and surface area of
the crystal; that is, the small powdered particles have a much
larger surface area than that of the initial crystal. Therefore, it
is concluded that Pt(5dpb)Cl molecules on the crystal surface
play a key role in the observed luminescent mechanochromism.
Pt(5dpb)Cl molecules on the surface are considered to be free
from molecular packing, unlike those in 2D sheets of the
crystal, and have signiﬁcant mobility to form an excimer (or an
aggregate) in the excited state. The number of surface molecules
is increased with the increase in the surface area caused by
grinding. As a result, the orange luminescence of the excimer
on the crystal surface is distinguished from the yellow lumi-
nescence of Pt(5dpb)Cl molecules packed in the crystal. The
surface diffusion of complex molecules is a familiar event. For
example, the diffusion of Ir(ppy)3 (ppyH = 2-(phenyl)pyridine)
on Cu(111) was observed using scanning tunneling microscopy
(STM).44
In summary, the luminescent mechanochromism of Pt(5dpb)Cl
and Pt(dpb)Cl in the solid state was accounted for by excimer
emission. For the Pt(dpb)Cl powder, a dimer (or an aggregate) in
the amorphous phase emits red luminescence. This is coincident
with the excimer emission of a thick pure Pt(dpb)Cl ﬁlm assembled
as anOLEDdevice.16 The excimer state induced by themechanical
grinding in the present work is described by the quantum chemical
mixing of the EX and CT resonance states that depend on the
distance between Pt(dpb)Cl molecules.35 It is considered that
molecules in the amorphous state are sufﬁciently close to each
other to produce EX and CT interactions. Pressure-dependent
luminescence studies have been reported in the literature,45–47
where decreasing Pt–Pt distances have been shown to cause red
luminescence. On the other hand, the orange luminescence of the
Pt(5dpb)Cl powder is assigned to a photo-dynamically generated
excimer emission. Photoexcitation is necessary to produce the
EX and CT interactions, in addition to the mechanical grinding.
The amorphization induced by the grinding occurs more easily in
the Pt(dpb)Cl crystal compared to the Pt(5dbp)Cl crystal, and is
related to the packing structure in the crystal. For the Pt(dpb)Cl
crystal, molecules form a 1D column via p–p stacking, where a
molecule is sandwiched by two neighbors. For the Pt(5dpb)Cl
crystal, all the molecules are aligned with their coordination
planes, and the aligned molecules compose a 2D sheet by p–
p interactions. In the sheet, a molecule interacts with three
neighbors.
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